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Fatigue cracking of viscoelastic asphalt composite materials is a major distress in pavement engineering. To quantify the 
weakening effects by fatigue cracks on the mechanical properties for the viscoelastic asphalt composite materials, composite 
prediction models are proposed in this study by combining Eshbely’s equivalent inclusion theory and Mori-Tanaka approach. 
Nondestructive and destructive dynamic shear rheometer (DSR) tests are performed on viscoelastic asphalt composite materials 
with two different volumetric contents of inclusion (10% and 27%) at different frequencies (0.1-100Hz for nondestructive DSR 
tests, 10Hz for destructive DSR tests), temperatures (15℃, 20℃, 25℃) and strain levels (0.01%-0.1% for nondestructive DSR tests; 
5%, 6%, 7% for destructive DSR tests). Results show that the predicted results calculated by a viscoelastic strengthening 
coefficient (VSC) model match with the test results well at the low filler content and at the modified high filler content. Then a 
viscoelastic strengthening coefficient with fatigue cracks (VSC-f) model is proved being capable of accurately predicting the 
shear modulus for viscoelastic asphalt composite materials at different strain levels, temperatures, filler contents and damage 
levels. Both the VSC and the VSC-f model are derived to be dependent of loading frequency, temperature and filler content, but 
independent of strain level. 







Asphalt materials, such as asphalt mastic, asphalt mortar and asphalt mixture, are widely used in pavement engineering to 
construct the surface layers of roads, highways, ports, runways and car parks. A large number of studies have focused on the 
behavior of asphalt materials and pavement structures from the perspective of macroscopic [1-3]. However, these asphalt materials 
are  typical viscoelastic composite materials, and they are composed of asphalt binder matrix and several heterogeneous 
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inclusions like aggregates, fillers, and air voids. Under the effect of moving vehicles load, the macroscopic mechanical response 
of the viscoelastic asphalt composite system in pavement structures is caused by the interaction of the asphalt binder matrix and 
the various inclusions. Currently, a number of analytical models have been proposed to predict the macroscopic mechanical 
properties of viscoelastic asphalt composite system, which can be divided into three categories: (1) Empirical models; (2) 
Numerical simulation micromodels; (3) Micromechanics models. 
In the empirical models, prediction models reflecting the properties of the asphalt binder matrix and aggregate inclusion are 
usually obtained by regression analysis method. The mechanical properties of the viscoelastic asphalt composite system are 
predicted based on the mechanical properties of the asphalt binder matrix and aggregate inclusion in the empirical models [4-6]. 
These empirical models were obtained by statistical regression analysis of test results at specific testing conditions. These 
empirical models cannot reveal the interacting mechanism caused by the asphalt binder matrix and the inclusions of the 
viscoelastic asphalt composite system, which limits the development of these empirical models. 
For the numerical simulation micromodels, some researchers analyzed the macroscopic mechanical behavior of the 
viscoelastic asphalt composite system using Finite Element models or Discrete Element models [7-13]. Generally, the complex 
meso-structure characteristics of the asphalt composite system are introduced into the Finite Element models or the Discrete 
Element models based on the X-ray CT scanning, or the randomized aggregates which are constructed through the image database 
of the aggregates and the image-assisted random generation method. Then, the Finite Element models and Discrete Element 
models were solved numerically to predict the macroscale material properties [14-16]. However, analysis of the complex Finite 
Element models and Discrete Element models requires a number of debugging and large-scale computational costs. 
In the micromechanics model, Eshelby proposed the elastic solutions to the stress and strain fields of an elastic infinite 
medium containing a single inclusion [17-18]. This groundbreaking work provided a solid theoretical foundation for the later 
micromechanics model of composite materials. Then, on the basis of Eshelby's research, a large number of classical 
micromechanics models were proposed to predict the macroscopic mechanical properties of composite materials, which including 
the self-consistent model [19], generalized self-consistent model [20] and Mori-Tanaka model [21], differential model [22-23], 
J-C model [24], and so on. These models can be used to evaluate the local stress and strain fields of composites materials under 
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given macroscopic loading conditions and to predict the effective mechanical properties of composites materials from the basic 
mechanical properties of each component. These physically-significant micromechanics models are also widely used in 
viscoelastic asphalt composite materials [25-27]. 
The micromechanics models can overcome the limitations of empirical models and do not require large amounts of 
computational costs, and they can provide reliable estimations of the mechanical properties for the asphalt composite materials. 
However, most of these models are limited to predict the mechanical properties of the viscoelastic asphalt composite system under 
a nondestructive condition. The prediction of the mechanical properties is still lack of research for of the viscoelastic asphalt 
composite system under a destructive condition, for example, a fatigue crack propagation condition. Therefore, it is necessary to 
extend the micromechanics model to the destructive condition such as fatigue crack propagation when studying the macroscopic 
mechanical properties for viscoelastic asphalt composite materials. 
Asphalt mastic is a typical viscoelastic asphalt-filler composite system which contains the rigid mineral filler particle 
inclusion and the viscoelastic asphalt binder matrix. Asphalt mastic is an important component of asphalt mixture, and plays a role 
of coating and bonding the coarse aggregates in the asphalt mixture. In this study, the asphalt mastic is taken as an example of the 
viscoelastic asphalt composite system and the objective of this study is to investigate the influence of fatigue cracks on the 
mechanical properties of the viscoelastic asphalt-filler composite system and provide a theoretical support for the selection of 
asphalt materials. 
This study is organized as follows. First, materials and laboratory tests are introduced. Then, constitutive equations for the 
asphalt binder matrix and the filler are presented, and micromechanics models are introduced for the viscoelastic asphalt-filler 
composite system. Next, a viscoelastic strengthening coefficient (VSC) model is determined for the viscoelastic asphalt-filler 
composite system under the nondestructive condition. Based on the micromechanics theory, a viscoelastic strengthening 
coefficient with fatigue cracks (VSC-f) model is derived for the viscoelastic asphalt-filler composite system, which coupled the 
reinforcement of filler inclusion and the weakening of fatigue crack inclusion under destructive condition. Furthermore, the VSC-f 
model coupled with temperature, filler content and damage degree are established and verified. Finally, a summary section 




2. Materials and Laboratory Tests 
2.1 Materials 
In this study, a type of asphalt binder (AB) and two types of asphalt mastic (AM1 and AM2) with different contents of mineral 
powder filler were selected as the viscoelastic materials for analysis. Notably, the AB was used as a viscoelastic matrix material，
AM1 and AM2 were used as two viscoelastic composite materials with different filler contents where AM1 had a low filler 
content of 10% and AM2 had a high filler content of 27%. The volumetric content of 27% (i.e., the mass ratio between the powder 
filler and asphalt binders is 1.0) correspond to the typical ratio of the powder filler to the asphalt binders in the asphalt mixture 
composition. This volumetric content can be estimated by the gradation information of the mixture, densities of the asphalt binder 
matrix and filler inclusion. The volumetric content of 10% (i.e., the mass ratio of between the powder filler and the asphalt binder 
is 0.3) was used to evaluate the applicability of the micromechanical model at different filler contents.  
A virgin asphalt binder from Shell was used as the asphalt binder matrix material. Basic properties of the virgin asphalt 
binder are shown in Table 1, which meet technical requirements of the national specification [28]. In particular, the wax content 
tests using DSC method were performed on the asphalt binders, and the wax content of the asphalt binders is 0.584%. A limestone 
from Hubei Province, China was selected as the mineral filler and its material properties were tested and checked against the 
national specification [28], shown in Table 1. The fabrication of the asphalt-filler viscoelastic composite system included the 
following steps: (1) dry the filler in an oven at a temperature of 110℃ for 4h, and heat the asphalt binder to 145℃ before adding 
the filler; (2) blend the prepared hot asphalt binder by a high-speed shear dispersion instrument at a rotation speed of 1500 
rotations per minute; (3) add the weighed filler according to the designed mixing content to the hot asphalt binder matrix; and (4) 
mix the filler with the asphalt binder for 10 minutes to ensure they are fully mixed. 
Table 1 Basic properties and requirements of asphalt binder matrix and filler 
Materials Sources Properties Units Requirements Results 
Asphalt binder Shell 
Penetration at 25℃ 0.1mm 60-80 66 
Softening point ℃ >=46 49.0 
Ductility at 15℃ cm >=100 >100 





Hubei Province, China 
Relative density g/cm³ >=2.50 2.765 
Water content % <=1 0.49 
Hydrophilic coefficient - <1 0.68 
 
2.2 Laboratory tests  
In this study, the DHR-2 of TA instrument was adopted to perform the following series of tests on the AB, AM1 and AM2. It 
contains frequency sweep test, nondestructive test with different shear strain levels and time sweep test. 
2.2.1 Frequency sweep test 
To explore the evolution of mechanical properties of the viscoelastic material under different loading frequencies, the frequency 
sweep tests were conducted on the AB, AM1 and AM2.The shear moduli were obtained to analyze the mechanical correlation 
between the viscoelastic matrix materials (asphalt binder) and the corresponding viscoelastic composite systems (mastic) in 
frequency domain. Three temperatures were selected for the frequency sweep test in this study, i.e., 15°C, 20°C and 25°C, and the 
range of frequency domain was 0.1-100 Hz. In addition, a sufficiently small nondestructive strain level of 0.01% was selected as 
the strain level of the frequency sweep test.  
2.2.2 Nondestructive test with different shear strain levels 
To explore the evolution of mechanical properties of viscoelastic composite material under different strain levels, the 
nondestructive test with different shear strain levels were carried out for the AB, AM1 and AM2. The shear moduli were obtained 
to analyze the mechanical correlation between viscoelastic matrix materials (asphalt binder) and the corresponding viscoelastic 
composite materials (mastic) at different strain levels. For the nondestructive test with different shear strain levels, three 
temperatures of 15°C, 20°C and 25°C, one frequency of 10 Hz, and an increasing strain levels within the range of 0.01%-0.1% 
were selected.  
2.2.3 Time sweep test 
To establish a micromechanics model for the viscoelastic asphalt-fillers composite system under the destructive condition, it is 
essential to obtain destructive results of the AB, AM1 and AM2. Hence, the destructive time sweep tests were performed on the 
AB, AM1 and AM2. Three testing temperatures (15°C, 20°C, 25°C) and one loading frequency (10 Hz) were used. To ensure that 
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the time sweep tests are destructive, relatively high strain levels of 5%, 6% and 7% were applied to the AB, AM1 and AM2. 
Specific conditions of the frequency sweep test, nondestructive test with different shear strain levels and time sweep test are 
shown in Table 2. 
Table 2 Schedule of laboratory tests 









0.1-100 0.01% - 20 
25 
Nondestructive test with 
different shear strain levels 
15 
10 
0.01%-0.1% - 20 
25 
Time sweep test 
15 
- 5%, 6%, 7% 20 
25 
*AB = Asphalt binder; AM1 = Asphalt mastic with filler content of 10%; AM2 = Asphalt mastic with filler content of 27% 
 
3. Micromechanics Model for Viscoelastic Asphalt-filler Composite System 
This section aims to reveal the correlation between the viscoelastic binder matrix, the mineral filler inclusion and the viscoelastic 
asphalt-filler composite system from the perspective of micromechanics. It mainly consists of the following two parts: 
(1) Construct the constitutive equations for the asphalt binder matrix and the filler in Laplace domain; 
(2) Introduce the micromechanics theory for the viscoelastic asphalt-filler composite system in the Laplace domain. 
 
3.1 Constitutive Equation for the Asphalt Binder Matrix and Filler in the Laplace Domain 



















kl  are stress tensor and strain tensor of the asphalt binder matrix, respectively; 
0
ijklC  is relaxation modulus tensor 




 0 0 0ijkl ij kl ik jl il jkC G                                            (2) 
in which 
ij  is Kronecker symbol; 
0 , 0G  are Lame constant and shear modulus of the asphalt binder matrix. Substituting Eq. 










t d G t d

      
 

   
  
                          (3) 
Taking Laplace transformation on Eq. (3), the constitutive equation of the asphalt binder matrix in Laplace domain is obtained as: 
         0 0 0 0 02ij kk ij ijs s s s sG s s                                     (4) 
where s is Laplace parameter;  0ij s ,  
0
kk s ,  
0
ij s ,  
0 s  and  0G s are stress tensor, volumetric strain tensor, deviatoric 
strain tensor, Lame constant and shear modulus of the asphalt binder matrix in Laplace domain. In this study, the variables with 
superscript horizontal lines represent the Laplace transformed variable of the corresponding variables in the time domain. 
It is assumed that the filler embedded in the asphalt binder matrix is an isotropic linear elastic material, and the linear elastic 
constitutive equation can be expressed as follows: 







ij  are stress tensor, volumetric strain tensor and deviatoric strain tensor of the filler; 
I , IG  are Lame 
constant and shear modulus of the filler. 
Based on Eqs. (4) and (5) of the asphalt binder matrix and filler particle, it can be seen that the constitutive equation of the asphalt 
binder matrix has the same form as that of the filler particle, a linear elastic material. Therefore, in the Laplace domain, the 
micromechanics theory of the composite material based on linear elastic materials can be used to analyze the viscoelastic 
asphalt-filler composite system.  
 
3.2 Micromechanics Theory for Viscoelastic Asphalt-filler Composite System in the Laplace Domain 
According to the equivalent inclusion theory, due to the presence of internal heterogeneous inclusion, the strain field in matrix of 
elastic composites is different from that in uniform non-inclusion matrix. The strain field in an arbitrary elastic matrix can be 
expressed by the following formula [18]: 
0me e d













ij  are strain 




ij  are disturbed stress and strain tensors caused by the inclusion. 
In addition, the strain and stress field of the elastic inclusion are also different from that of the elastic matrix. Assuming that the 
stress and strain of the inclusion are different from the matrix, the stress and strain of the inclusion can be expressed by [29]: 
0ne e d
ij ij ij ij                                                 (8) 
0ne e d





ij  are strain tensor and stress tensor of an arbitrary elastic inclusion in the composite material; ij  , ij   are 
strain and stress tensor of the difference, respectively. 
The mastic material composed of the asphalt binder and filler is a typical viscoelastic composite system, so the above-mentioned 
equivalent inclusion theory of elastic material cannot be directly adopted. However, according to the analysis in the above section, 
it can be seen that the constitutive equation of the asphalt binder matrix in the Laplace domain has the same form as that of the 
linear elastic material. In other words, the viscoelastic constitutive equation can be converted into a new form in the Laplace 
domain where the format of this new form remains the same as that of the corresponding linear elastic constitutive equation. Thus 
the equivalent inclusion theory in an elastic format can be used for analysis of viscoelastic composite system in the Laplace 
domain [30]. Therefore, by substituting Eq. (4) into Eqs. (6) and (7), the constitutive equation of the asphalt binder matrix 
disturbed by the filler inclusion can be obtained: 









ij  are volumetric disturbed strain tensor, deviatoric disturbed strain tensor, respectively. 
Similarly, Eqs. (8) and (9) are substituted into Eq. (5), and the constitutive equation of the filler inclusion in the asphalt binder 
matrix is obtained by performing the Laplace transformation as follows: 
   2n I d I I d I I dij ij ij ij kk kk kk ij ij ij ijs sG                                            (11) 
where 
n
ij , kk  , ij ，  
I s  and  IG s  are stress tensor, volumetric strain tensor and deviatoric strain tensor of the difference, 
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Lame constant and shear modulus of the filler in the Laplace domain, respectively. 
The filler inclusion is different from the asphalt binder matrix, and belongs to heterogeneous inclusion. If the material properties 
of the filler in Eq. (11) are replaced by the material properties of the asphalt binder matrix, an eigenstrain will arise [17-18]. 
Therefore, Eq. (11) can be transformed into: 
       0 0 0 0 0 02 2I d I d d dkk kk kk ij ij ij ij kk kk kk ij ij ij ij ij ijs sG s G                                             (12) 
in which ij

 is the eigenstrain caused by the filler inclusion in the Laplace domain. 
According to the Eshelby inclusion theory, there is the following relationship between 
ij   and kl
  [17]: 
ij ijkl klS 
                                                (13) 
in which 
ijklS  is the Eshelby tensor related to the shape of inclusion and the Poisson's ratio of matrix. 
Besides, according to the concept of average stress of Mori-Tanaka approach [29], the disturbed strain 
d
ij  caused by the filler 
inclusion can be expressed by the eigenstrain 
kl
  as below: 
 1dij ijkl ijkl klv S I                                            (14) 
where 
1v  is the volumetric content of the inclusion (i.e., filler) in the viscoelastic asphalt-filler composite system; ijklI  is a unit 
fourth order tensor. 
Eqs. (12), (13) and (14) can be solved simultaneously: 
     0 01 1I Iij ijkl ijkl kl ijkl kl ij ijkl ijkl kl ijkl kl ijG v S I S G v S I S                                    (15) 
Substituting the volumetric content for the asphalt binder matrix 0 11v v   into Eq. (15), the eigenstrain strain in the Laplace 
domain can be determined: 
  
1
0 0 0 0
0 1
I I
ij ijkl ijkl ijG G G G v S V I G 

          
                            (16) 
In this study, it is assumed that the shear modulus of the filler is much larger than that of the asphalt binder matrix, i.e.,
0 I  , 




0 1ij ijkl ijkl klv S v I 

                                           (17) 















                                            (19) 
in which ij , ij  are uniform stress and strain of the composite material in the Laplace domain; V is volume of the 
composite materials. 
In the Laplace domain, both viscoelastic composite materials and linear elastic composite materials have linear constitutive 
relationship: 
ij ijkl klC                                           (20) 
where ijklC  is stiffness matrix of the composite materials in the Laplace domain. 
Therefore, by performing the Laplace transformation on the constitutive equations of the asphalt binder matrix, the equivalent 
inclusion theory for elastic materials will be extended to the viscoelastic composite system. In addition, Huang et, al also 
introduced the micromechanics theory into the asphalt mixtures [30]. Next, the nondestructive and destructive correlation between 
the viscoelastic composite system, matrix and inclusion under shear fatigue load will be analyzed, emphatically. 
 
4. Viscoelastic Strengthening Coefficient (VSC) for Asphalt-filler Composite System 
To study the correlation between the viscoelastic asphalt-filler composite system, asphalt binder matrix, and inclusion under the 
destructive shear fatigue load, the influence of the filler inclusion on the asphalt binder matrix must be first formulated under the 
nondestructive condition. This subsection mainly consists of the following three parts: 
(1) Formulate a viscoelastic strengthening coefficient (VSC) model effected by the filler inclusion and asphalt binder matrix; 
(2) Determine model parameters of the VSC model based on the viscoelastic Poisson ratio of the asphalt binder matrix; 
(3) Modify the VSC model with high filler content by percolation theory. 
 
4.1 Derivation of Viscoelastic Strengthening Coefficient (VSC) for Asphalt-filler Composite System 
The viscoelastic asphalt-filler composite system is composed of the asphalt binder matrix and filler inclusion. Comparing with the 
asphalt binder matrix, the stiffness of the viscoelastic asphalt-filler composite system will be strengthened because of the existence 
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of the rigid filler inclusion. In this subsection, a physical interpretation model representing the enhancement of the filler inclusion 
will be derived. First, in the Laplace domain, the statistically uniform stress and strain within the viscoelastic asphalt-filler 
composite system are equal to the corresponding volumetric mean values under the cyclic shear load. Based on Eq. (18), the 
statistically uniform stress of the viscoelastic asphalt-filler composite system can be calculated as (a detailed derivation is shown 










1212C  are statistically uniform apparent stress, apparent shear strain, apparent shear modulus of the 
viscoelastic asphalt-filler composite system in the Laplace domain, respectively. 
Similarly, the statistically uniform strain of the viscoelastic asphalt-filler composite system can be obtained based on Eq. (19), 
which is present as follows (a detailed derivation is shown in the Appendix I): 
 
1 0
12 1 0 1212 1 1212 1212 12
2
3
eA v v S v I I 
    
 
                               (22) 
in which 12
eA  is statistically uniform apparent shear strain of the viscoelastic asphalt-filler composite system in the Laplace 
domain. 
Dividing Eq. (21) by Eq. (22) and performing the inverse Laplace transformation, the relationship between the viscoelastic 




1212 1 0 1212 1 1212 1212 1212 1212=
eA A AC v v S v I I C KC

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 




AC  are apparent shear modulus of the viscoelastic asphalt-filler composite system and the asphalt binder matrix, 
respectively; K is strengthening coefficient, and  
1
1
1 0 1212 1 1212 1212K v v S v I I

    
 
. 
In this study, the shape of the filler particle inclusion is assumed spherical. Hence, the Eshebly tensor 
ijklS  is purely related to a 








                                          (24) 
















                                         (25) 
Eq. (25) shows that the strengthening coefficient is related to the Poisson's ratio of the asphalt binder matrix and the volumetric 
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content of the filler inclusion, and it increases with the filler inclusion content and the Poisson's ratio of the asphalt binder matrix. 
Because the stiffness of the filler particle is much larger than that of the asphalt binder matrix, the increase of the filler inclusion 
content will lead to the enhancement of the asphalt binder matrix. In addition, the smaller the Poisson's ratio of the matrix, the 
smaller the transverse deformation under the same vertical deformation, i.e., the greater stiffness of the matrix material. If the 
stiffness of the matrix and filler inclusion remains same, the filler inclusion will have no strengthening effect on the matrix. If the 
stiffness of the matrix exceeds the stiffness of the filler inclusion, the filler inclusion will weaken stiffness of the matrix material. 
In sum, the larger the Poisson's ratio of the matrix, the stronger the reinforcement caused by the filler inclusion. 
For the above analysis, one can conclude that the Poisson's ratio of the matrix is particularly important for the enhancement of 
inclusion, which need to be accurately characterized. The asphalt binder matrix is a viscoelastic material particularly sensitive to 
the temperature and frequency. Therefore, the Poisson's ratio of the asphalt binder matrix is also closely affected by temperature 
and frequency. To calculate the strengthening coefficient accurately, the Poisson's ratio of the asphalt binder matrix is formulated 
as a viscoelastic variable that is a function of temperature and frequency. To obtain the viscoelastic strengthen coefficient (VSC), 

















                                      (26) 
where  K s ,  s  are the Laplace transformations of the strengthening coefficient of the viscoelastic asphalt-filler composite 
system and the Poisson's ratio of the asphalt binder matrix. 
So that, the VSC model can be calculated as follows: 




















        
                           (27) 
in which   is loading frequency; and i is an imaginary number. 
 
4.2 Determination of Model Parameters for Viscoelastic Strengthening Coefficient Model 
To determine the VSC in Eq. (27), the viscoelastic Poisson's ratio of the asphalt binder matrix must be determined. A 
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                                     (28) 
where  t  is time-dependent viscoelastic Poisson's ratio of the asphalt binder matrix; 0 , i  and iq  are model parameters; 
and M is the number of the Maxwell element. 















                                       (29) 
Substituting Eq. (29) into Eq. (27), a parameterized VSC model can be obtained: 
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                      (30) 
Eq. (30) shows  K   is a complex number, the real part and the imaginary part of  K   can be separated as: 
 
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Hence, the magnitude of the VSC is      
2 2
K K K      . To determine the VSC in Eqs. (31) and (32), the model 
parameters 0 , i  and iq  of the viscoelastic Poisson's ratio are needed. Below will explain how these model parameters will 
be determined from the complex Poisson’s ratio.  
First, the complex Poisson's ratio of the asphalt binder matrix can be calculated by the following expression [32]: 
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in which 00 , 0 , 00G  and 0G  are model parameters;  G 
  is the magnitude of the frequency-dependent complex 






Second, the shear modulus of the asphalt binder matrix at different temperatures and frequencies can be obtained by performing 
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where  , ,  ,   are model parameters of the sigmoidal function of the complex Poisson's ratio; T  is time-temperature 














1C , 2C  are model parameters of the shift 
factor; T , refT  are absolute temperature and reference temperature, respectively. These model parameters of the mastic 
curve of the complex Poisson's ratio of the asphalt binder matrix are shown in Table 3. 
Table 3 Model parameters of the master curve and shift model 
Model parameters C1 C2           
Complex Poisson's ratio 7.630 79.059 0.500 0.0031 -1.240 0.0001 0.185 
Viscoelastic strength coefficient (VSC) model 
(asphalt mastic with filler content of 10%) 
7.654 79.566 1.554 0.0007 -1.172 0.0022 0.114 
Viscoelastic strength coefficient (VSC) model 
(asphalt mastic with filler content of 27%) 
7.654 79.566 3.337 0.0015 -1.130 0.0042 0.122 
Viscoelastic strengthening coefficient with fatigue 
cracks (VSC-f) model 
0.025 1.796 0.736 3.87E9 3.999 - - 
Fig. 1 shows measured complex Poisson's ratio at 15℃, 20℃, 25℃ and constructed master curve of the complex Poisson's ratio at 
20℃ for the asphalt binder matrix. Fig. 1 shows that the complex Poisson's ratio of asphalt binder matrix decreases with the 
increase of the frequency, while it increases with the temperature. Moreover, the complex Poisson's ratio is close to 0.5 at a high 





Fig.1 Complex Poisson's ratio at 15℃, 20℃, 25℃ and the constructed master curve at 20℃ for the asphalt binder matrix 
 
Third, a theoretical relation shown in Eq. (35) exists between the complex Poisson’s ratio model and the time-dependent 
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Using the master curve data from Eq. (34) in Eq. (35), the model parameters ( 0 , i  and iq ) for the time-dependent viscoelastic 
Poisson’s ratio model can be determined by the “Solver” function in Microsoft Excel, as shown in Table 4. 
Table 4 Model parameters of the time-dependent viscoelastic Poisson's ratio of the asphalt binder matrix 
Model parameters 
Temperature (℃) 
Relaxation time (s) 
15 20 25 
0   0.43852 0.45610 0.45757   
1   0.00679 0.00681 0.01307 1q  0.00001 
2   0.00389 0.00417 0.00655 2q  0.0001 
3   0.00594 0.00636 0.00649 3q  0.001 
4   0.02845 0.01898 0.01237 4q  0.01 
5   0.01393 0.00618 0.00334 5q  0.1 
6   0.00091 0.00119 0.00052 6q  1 
7   0.00219 0.00010 0.00005 7q  10 
8   0.00689 0.00537 0.00081 8q  100 
9  0.29113 0.28449 0.13996 9q  1000 
































the VSC with frequency at 15℃, 20℃, 25℃ and the master curve of the VSC for the AM1. The evolution trend of the VSC is 
similar to that of the complex Poisson's ratio. It can be seen that the VSC increases with the increase of the frequency, because the 
asphalt material is closer to the elastic solid under high frequencies, while it is closer to the fluid under low frequencies. It can be 
predicted that when the asphalt binder matrix is soft, the enhancement effect of the filler to the asphalt binder matrix is relatively 
higher compared to that when the asphalt binder matrix is stiff. In this study, to obtain the VSC model coupled with frequency and 
temperature, the sigmoidal function is used to formulate the mastic curve model for the VSC at different temperatures, which is 
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                             (36) 
where k , k , k , k  are VSC model parameters; and T is the same time-temperature shifted factor as the complex 
Poisson's ratio. 
 
Fig.2 Viscoelastic strength coefficient at 15℃, 20℃, 25℃ and the master curve of the strength coefficient for the AM1 (AM1 = 
asphalt mastic with filler content of 10%) 
 
Fig.2 presents that calculated results have an agreement with the sigmoidal function, and model parameters of the mastic curve of 
the VSC are shown in Table 3. Furthermore, the VSC is multiplied by the shear modulus of the asphalt binder matrix to obtain the 







































Fig. 3 compares tested shear modulus and predicted shear modulus moduli of the AM1 at different frequencies, temperatures and 
strain levels. It can be seen that the predicted results by the VSC model match with the test results for the AM1. Fig. 3a shows that 
shear modulus of the AM1 increases with the increase of the frequency or the decrease of the temperature. Fig. 3b presents that 
shear modulus of the AM1 remains unchanged when the strain level increases. This is because the strain level used in the 
nondestructive test is small and the asphalt material is in an undamaged condition at these strain levels. It is found that the VSC 
model can predict the shear modulus of the composite material at different strain levels, thus it is independent of the strain level.  
 
a. Measured shear modulus vs. predicted shear modulus of the AM1 at different loading frequencies and temperatures 
 
b. Measured shear modulus vs. predicted shear modulus of the AM1 at different strain levels 











































Oscillation shear strain (%) 
15°_Test Data 15°_Predicted Results 
20°_Test Data 20°_Predicted Results 
25°_Test Data 25°_Predicted Results 
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different loading frequencies, temperatures and strain levels 
 
4.3 Modified Viscoelastic Strengthening Coefficient (VSC) at a High Filler Content 
By substituting the filler volumetric content into Eqs. (31) and (32), the VSC with high filler content (e.g., AM2 with filler content 
of 27%) can be obtained. Predicted shear modulus can be obtained by multiplying the VSC by the shear modulus of the asphalt 
binder matrix. Fig. 4a compares the predicted and measured shear modulus of the AM2 at different temperatures. It is indicated 
that the predicted shear moduli are smaller than the experimental results. This is because the Eshelby tensor is established for a 
single inclusion embedded in an infinite matrix based on the concept of Mori-Tanaka equivalent principle, which is true only 
when the inclusion content is low. However, the matrix surrounding each particle inclusion is not an infinite matrix due to the 
relatively high inclusion content for the AM2. 
 

































b. Predicted shear modulus by modified VSC model and tested shear modulus of the AM2 at different temperatures 
Fig. 4 Comparison among the predicted shear modulus by unmodified VSC model, the modified VSC model and tested shear 
modulus of the AM2 (AM2 = asphalt mastic with filler content of 27%) at different temperatures (VSC = Viscoelastic 
strength coefficient) 
In view of this deviation, the VSC is modified by percolation theory in this study. The percolation theory shows that when the 
volumetric content of the inclusion is low, the distribution of inclusions in the matrix is random and these inclusions do not affect 
each other, thus, the matrix materials are continuous, which is called percolated phase [35]. When the volumetric content of the 
inclusions is high, the probability of interactions among inclusions increases. Therefore, when the filler content is high, the 
distribution of the inclusions in the matrix are not random and some of the matrix are completely wrapped by the filler particles. 
The asphalt binder matrix wrapped by the filler combines with the surrounding filler particles and forms a larger inclusion. In this 
case, an effective matrix volumetric content is smaller than a true matrix volumetric content, while the effective inclusion 
volumetric content is larger than the true inclusion volumetric content. 
Research has shown that when the inclusion volumetric content exceeds 20% (a critical volumetric content is denoted as 
fpt ), the 
damping factor of the composite material decreases sharply [36]. In addition, an upper limit volumetric content is related to the 
gradation of the inclusion (the upper limit volumetric content  
0.2
max 1 0.47 /f d D   , where d and D represent the minimum 
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                                 (37) 
Substituting the parameters
f , maxf , fpt  into Eq. (37), the effective inclusion volumetric content can be determined 
 maxmin , 31.8%f f eff    . Then, substituting the effective inclusion volumetric content into the Eqs. (31) and (32), the 
modified effective inclusion volumetric content with high inclusion content can be obtained. 
Fig. 4b compares the shear modulus predicted by the modified VSC model with the measured shear modulus of the AM2 at 
different temperatures. It is demonstrated that the predicted shear modulus from the modified VSC model match with the 
experimental results. In addition, Fig. 5 presents the evolution of the modified VSC at 15℃, 20℃, 25℃ and the master curve of the 
modified VSC for the AM2. It shows that evolution trend is similar to that of the viscoelastic Poisson's ratio. Hence, sigmoidal 
function is used to establish the mastic curve for the modified VSC of the AM2, and model parameters are shown in Table 3. It can 
be seen from Fig.5 that the sigmoidal function can effectively model the modified VSC. 
 
Fig.5 Evolution of the modified viscoelastic strengthening coefficient with frequency at 15℃, 20℃, 25℃ and master curve of the 
modified viscoelastic strengthening coefficient for the AM2 (AM2 = asphalt mastic with filler content of 27%) 
 
Fig. 6 shows measured shear modulus and predicted results of the AM2 at different frequencies, temperatures and strain levels. It 




































measured results at different temperatures and frequencies, and Fig.6b presents the VSC is independent of strain level. It is 
indicated that the conclusions obtained in Fig. 3 for low inclusion volumetric content are applicable for that of the high inclusion 
volumetric content. 
 
a. Measured shear modulus vs. predicted shear modulus of the AM2 at different frequencies, temperatures 
 
b. Measured shear modulus vs. predicted shear modulus of the AM2 at different strain levels 
Fig. 6 Measured shear modulus vs. predicted shear modulus of the AM2 (AM2 = asphalt mastic with filler content of 27%) at 
different frequencies, temperatures and strain levels 
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The effects of the asphalt binder matrix and fillers inclusion have been considered in Section 4, but fatigue cracks have not been 
considered when fatigue cracks exist in the composite system. In this section, the composite system without the fatigue cracks is 
regarded as the matrix material, and the fatigue cracks are regarded as the inclusions. To formulate the micromechanics model for 
the asphalt-filler composite system with fatigue cracks, two parts are contained in this subsection: 
(1) Derive a viscoelastic strengthening coefficient with fatigue cracks (VSC-f) for the asphalt-filler composite system with 
fatigue cracks; 
(2)  Formulate a VSC-f model coupled with the temperature, filler content, and damage degree under destructive condition. 
 
5.1 Derivation of Viscoelastic Strengthening Coefficient with Fatigue Cracks for Asphalt-filler Composite System 
In this study, the linear elastic constitutive equation is used to model the fatigue crack, which is shown as below: 









I  is stress tensor of the fatigue crack; II , IIG  are Lame constant and shear modulus of the fatigue crack. 
Taking the Laplace transform for Eq. (38), obtains: 







Is s s s sG s s                                      (39) 
For fatigue crack, it is assumed that the fatigue crack is an inclusion embedded in the asphalt-filler composite system, and the 
inside of the fatigue crack contains gas, whose stiffness is very small and can be regarded as zero. Thus, the mechanical properties 
of the fatigue crack are also different from the asphalt binder matrix, and it is regarded as heterogeneous inclusion compared with 
the asphalt binder matrix. The fatigue crack is regarded as a type of inclusion, and the same model as the filler inclusion is 
adopted. Similarly, in the Laplace domain, stress and strain field of the matrix have the following relationship: 









ij  are 
volumetric disturbed strain tensor, deviatoric disturbed strain tensor in the Laplace domain,, respectively; 
mc
ijklC  is stiffness tensor 
of the matrix in the Laplace domain.  
Furthermore, the relationship between the stress and strain field of the fatigue crack inclusions can be expressed by: 
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 0 0c m md c m mdij ij ij ij ijkl kl kl klsC                                             (40) 
in which 
c
ij , ij  , kl  ,
c
ijklC  are stress tensor, volumetric stress tensor and deviatoric stress tensor of the difference caused by 
the fatigue crack inclusions, stiffness tensor of the fatigue crack in the Laplace domain, respectively. 
The fatigue crack is heterogeneous inclusion in viscoelastic asphalt-filler composite system. When the strain field of the fatigue 
crack inclusion is represented by that of the matrix, an eigenstrain 
kl
  caused by the fatigue crack inclusion needs to be 
introduced. The Eq. (40) can be rewritten as below: 
   0 0c c m md mc m mdij ijkl kl kl kl ijkl kl kl kl klC C                                            (41) 
Similarly, according to the Eshelby inclusion theory, has: 
c
ij ijkl klS 
                                               (42) 
in which 
c
ijklS  is Eshelby tensor caused by the fatigue crack inclusion. 
Based on the average stress concept from the Mori-Tanaka approach, the disturbed stress is self-consistent, i.e., the volume 
average of the disturbed stress should be zero: 
   1 0md mdc cv v                                             (43) 
Combining Eqs. (39), (40), (41), (42) and (43) can be obtained: 
 md cij c ijkl klv I S                                               (44) 
It is assumed that the fatigue crack has a linear elastic constitutive relationship in this study, however, the inside of the fatigue 
crack contains gas, whose stiffness is very small and can be ignored. Therefore, the fatigue crack can deform, but there is no 
internal stress, the following formula holds: 
 0 0c mc m mdij ijkl ij ij ij ijC                                             (45) 
The stiffness matrix 
mc
ijklC  in Eq. (45) must not be zero, thus: 
0 0m mdij ij ij ij   
                                            (46) 
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When the destructive time sweep test is performed on the viscoelastic asphalt-filler composite system, the following expression 
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where 
cK  is viscoelastic strengthening coefficient of the viscoelastic asphalt-filler composite system under the destructive 
condition. 
It can be found that 





























 contains the fatigue crack volumetric content and Eshelby tensor component of the fatigue crack 
inclusion. This value is less than one because the fatigue crack inclusion has a weakening effect on the composite’s modulus. In 
addition, according to the previous analysis, calculated value of the VSC is always greater than one, because the filler inclusion 
has an enhanced effect on the composite materials.  
 
5.2 Determination of Viscoelastic Strengthening Coefficient with Fatigue Cracks for Asphalt-filler Composite System  
The variables of the VSC-f of the viscoelastic asphalt-filler composite system contain the fatigue crack volumetric content cv , the 
Eshebly tensor 
1212
cS  of the fatigue crack and the VSC. The fatigue crack will propagate, fatigue crack volumetric content and 
morphology affected the VSC-f will change when performing the destructive time sweep test on the viscoelastic asphalt-filler 
composite system. In addition, the fatigue crack is initiated from the edge of the specimen, then grows toward the sample center to 
form an edge crack [38-41]. It is difficult to determine the Eshelby tensor component of the edge crack. Therefore, another method 
is adopted to obtain the VSC-f model in this section. First, based on Eq. (49), the 
1212
cS  can be back-calculated by using the 
initial shear modulus of the asphalt binder matrix and the shear modulus of the composite system at different crack lengths which 
are determined using a model developed by author from a previous study [38]. 
Fig. 7a shows an example of evolution of 
1212
cS  with crack length for the viscoelastic asphalt-filler composite system with 
different filler contents. It presents that 
1212
cS  increases with the crack length and 1212
cS  increases with the filler content at 
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the same crack length. This is because 
1212
cS  depends on the fatigue crack morphology and Poisson's ratio of the asphalt 
binder matrix which decreases with the filler content. It is indicated that 
1212
cS  increase with the Poisson's ratio. Besides, Fig. 
7b presents an example that comparison between predicted results and test data of the shear modulus of AM2 at three temperatures, 
5% of strain level. It can be seen that the predicted results match with the test results. It is showed that the back-calculated 
Eshelby tensor is valid. 
 
a. Evolution of Eshebly tensor 
1212
cS  with the crack length with different filler contents 
 
b. Predicted results vs. test data of the shear modulus of AM2 at three temperatures, 5% of strain level 
Fig.7 Eshebly tensor and comparison between predicted results and test data of shear modulus of AM2 (AM2 = asphalt mastic 














































Fig. 8a and 8b show the VSC-f of the AM1 and AM2 at different temperatures, strain levels and fatigue crack lengths, respectively. 
It is indicated that the VSC-f decreases with the increase of the fatigue crack length. When the VSC-f is close to zero, the 
viscoelastic asphalt-filler composite system is near completely damaged. Because the shear modulus of the viscoelastic 
asphalt-filler composite system decreases rapidly with the fatigue crack, while the fatigue crack cannot bear the load. In addition, 
the VSC-f of two type of composite materials is unchanged at different strain levels (5%, 6%, 7%) of 15℃ and 25℃. It is showed 
that the VSC-f is independent of strain level, same as the observations from Fig. 3b and 6b. 
 
a. Evolution of the viscoelastic strengthening coefficient with fatigue cracks of the AM1 
 
b. Evolution of the viscoelastic strengthening coefficient with fatigue cracks of the AM2 
































content of 10%) and AM2 (AM2 = asphalt mastic with filler content of 27%) 
 
To establish the VSC-f model coupled with temperature, filler content and damage degree, a shift factor function should be first 
modeled. The only difference from the shift factor function of the complex Poisson's ratio is that the term of the filler content is 
added in this model. Moreover, the VSC-f decreases rapidly with the increase of the crack length which is shown in Fig. 9a. 
Therefore, the VSC-f model and the corresponding shift factor function adopted are present below: 
 Ac TK r c
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                                        (51) 
where 
Ar  is radius of the specimen; c is crack length of the specimen;  ,  ,  are model parameters, and   contains the 
effect of the filler content. These model parameters are shown in Table 3. 
Fig. 9 presents calculation results and shift model of the VSC-f of the AB, AM1 and AM2 at different temperatures, and a shifted 
crack length is defined as  A AT Tc r r c   . Four conclusions can be drawn from Fig. 8a and 8b: (1) the VSC-f decreases 
rapidly with the increase of crack length. The reason is that the fatigue crack inclusion weakens the strength of the composite 
system, and this weakening effect increases with the fatigue crack length; (2) the VSC-f increases with the temperature, because 
the complex Poisson's ratio of the asphalt binder matrix increases with temperature. Moreover, Eq. (50) shows that the VSC 
increases with the complex Poisson's ratio; (3) the VSC-f increases with the filler content at the same temperature and crack length. 
This is due to that the VSC increases with the increase of the filler content; and (4) the shifted model for the VSC-f can be 
established by taking the filler content into account, and Eq. (51) which considers the effect of the filler volumetric content and 




a. Calculation results of the viscoelastic strengthening coefficient with fatigue cracks of the AB, AM1 and AM2 at different 
temperatures 
 
b. Shift model of the viscoelastic strengthening coefficient with fatigue cracks 
Fig. 9 Calculation results and shift model of the viscoelastic strengthening coefficient with fatigue cracks of the AB (AB = 
asphalt binder), AM1 (AM1 = asphalt mastic with filler content of 10%) and AM2 (AM2 = asphalt mastic with filler content 
of 27%) at different temperatures 
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viscoelastic asphalt-filler composite system at different strain levels and crack lengths are predicted based on Eqs. (51) and (52). 
Fig. 10 shows predicted and measured shear moduli of the AB, AM1 and AM2 at different strain levels and crack lengths of 20℃. 
The results show that the model can well predict the shear modulus of the viscoelastic asphalt-filler composite system under the 
destructive fatigue load. It is indicated that the shift model Eq. (51) and power function Eq. (50) can predict the shear modulus at 
different strain levels, temperatures, filler contents and damage degrees under the destructive condition. 
 
Fig.10 Predicted and measured shear moduli of the AB (AB = asphalt binder), AM1 (AM1 = asphalt mastic with filler content of 
10%) and AM2 (AM2 = asphalt mastic with filler content of 27%) at different strain levels and crack lengths of 20℃ 
 
6. Conclusions and Future Work 
To address the challenge that accurately predicting mechanical properties for the viscoelastic asphalt composite materials, this 
study proposes a viscoelastic strengthening coefficient (VSC) model for the material at nondestructive condition (no fatigue 
cracks) and a viscoelastic strengthening coefficient with fatigue cracks (VSC-f) model at destructive condition (with fatigue 
cracks). This was achieved by using the Eshbely’s equivalent inclusion theory and Mori-Tanaka approach. The established VSC 
model can reflect the strengthening effect of the filler inclusion on the asphalt binder matrix from the perspective of 
micromechanics. The established VSC-f model contains the reinforcement due to the filler inclusion and the weakening resulting 








































 Shear moduli of the asphalt-filler composite systems with filler volumetric contents of 10% and 27% are increased to 1.55 
and 3.32 times that of the asphalt binder matrix at 10 Hz, 20℃.  
 The VCS decreases with loading frequency or temperature, and increases with filler content. However, the VSC is 
independent of strain level. 
 The predicted results by the VSC model are in a good agreement with the tested results at the low filler content, while they 
underestimate the material shear modulus results at a high filler content. The predicted results calculated by a modified VSC 
model by percolation theory match well the test results at high filler content. 
 The VSC-f model predictions matched with the test results under the destructive conditions. This model can predict shear 
modulus for viscoelastic asphalt composite materials at different strain levels, temperatures, filler contents and damage 
levels. 
 The VSC-f increases with the filler content, while decreases rapidly with fatigue crack length. However, the VSC-f is 
independent of strain level, and this is consistent with the VSC. 
In this study, some factors affected the behavior of asphalt materials were not considered, such as time-dependency 
hardening of thermo-rheologically complex asphalt materials due to wax precipitation, thermal stress due to the temperature 
variations, strain rate and initial instability flow. These influence factors not covered in this study and their references are listed in 
Table 5. 
Table 5 Influence factors not covered in this study and their references  
Influence factors  References 
Time-dependency  Traxler et al. [42]; Struik [43]; Bahia and Anderson [44] 
Thermal stress  Saleh et al. [45]; Hiltunen et al. [46]; Velasquez et al. [47] 
Strain rate  Li et al. [48] 
Initial instability flow  Anderson et al. [49] 
These influence factors can be considered in future research. For example, the time dependency of the shift factors for the 
WLF relationship will be considered for some thermo-rheologically complex asphalt materials in the future. When studying the 
fatigue cracking of pavement structures in the future, the thermal stress should not be ignored (because of the temperature 
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difference). In addition, more different asphalt binders, such as SBS asphalt binder, rubber asphalt binder, high-modulus asphalt 
binder and their composites mixed by different fillers, will be analyzed based on the micromechanics theory developed in this 
study. 
 
Appendix I  
It is assumed that the apparent shear stress, strain and disturbed stress, strain and stress, strain difference of the asphalt binder 
matrix and viscoelastic asphalt-filler composite system linearly increase from the loading center to the edge of the specimen under 
the controlled-strain cyclic shear load, and the filler particles are uniformly distributed in the asphalt binder matrix. Therefore, the 
volumetric integrals of these stresses and strains have the same operation. Taking the apparent shear strain of asphalt binder matrix 
as an example, the volumetric integral of the apparent shear strain of the viscoelastic asphalt-filler composite system can be 
obtained based on Eq. (19): 
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where  012 0 ,
A t r  is apparent shear strain of the asphalt binder matrix at loading time t0, any radius r in the Laplace domain; h is 
height of the asphalt binder matrix specimen. For the sake of simplicity, the  012 0 ,
A t r  is denoted as 0
12 , the same definition is 
applied to the stresses and strains listed below. 
Therefore, in the Laplace domain, the statistically uniform stress 12
eA  of the viscoelastic asphalt-filler composite system is 
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Then, the statistically uniform strain can be calculated by: 
   





0 12 12 1 12 12 12
0 0
1 12 12 1 12 12 12
0
12 12 1 12
0
12 1 1212 1212 12 1 1212 12
0
12 1 12


























v S I v S
v
v G G G G v S
 
    







     
 
      
 
    
     
   





1 1212 1212 12




                   (A.3) 
In addition, 
0 1  ， 0 1G G , Eq. (A.3) can be simplified as below: 
  1 012 1 0 1212 1 1212 1212 122 -
3
eA v v S v I I 

                                      (A.4) 
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 Shear moduli of asphalt-filler composite systems with filler volumetric contents of 10% and 27% are increased to 1.55 
and 3.32 times that of the asphalt binder matrix at 10 Hz, 20℃. 
 Viscoelastic strengthening coefficient without fatigue cracks (VSC) decreases with frequency or temperature, and 
increases with filler volumetric content. 
 Viscoelastic strengthening coefficient with fatigue cracks (VSC-f) increases with the filler volumetric content, while 
decreases rapidly with fatigue crack length. 
 VSC and VSC-f of the asphalt-filler composite system are independent of strain level. 
 
 
